Abstract. Spatial differences in late Quaternary structural style and deformation rates indicate a complex pattern of strain
Introduction
Obliquely convergent plate boundaries typically exhibit wide zones of deformation characterized by block rotations and complex patterns of contractional, extensional, and strike-slip faulting. Where oblique subduction occurs, the relative plate motion is partitioned between trench-parallel and trench-orthogonal deformation of the overriding plate and slip on the subduction interface [Fitch, 1972; Yu et al., 19931. In the overriding plate the trenchparallel component of displacement commonly occurs on strikeslip faults that dissect the forearc into elongate slivers by displacements subparallel to the boundary [e.g., Ryan and Coleman, 19921 . The orthogonal component commonly is accommodated by thrust faulting and folding toward the lower trench slope. The degree of strain partitioning within such boundaries depends largely on the strength of the overriding plate and the degree of interplate coupling [Jarrard, 1986; McCaffrey, 19921 . Generally, as convergence obliquity (the' angle between the plate motion vector and the direction normal to the plate boundary) increases, the cumulative rate of strike-slip displacement within the forearc increases.
The tectonic character of some plate boundaries changes along the margin from subduction to transform as a result of increasing convergence obliquity associated with a change in the trend of the boundary toward parallelism with the convergence vector [Forsyth, 1975; Hamburger and Isach, 1987; Geist et al., 1988; Curray, 1989; Masson qnd Scanlon, 19911 . Other margins change along the boundary from subduction to continental collision and/or intracontinental strike-slip deformation because of variations in crustal structure and thickness of the convergent plates [Walcott, 1978; Teng, 1990; Aubouin, 1990; Reyners and Cowan. 1993; Abers and McCaflrey, 19941 . Whether or not subduction or continental collision occurs at a convergent plate boundary depends largely on the relative strength profile, crustal thickness, and buoyancy of Paper number 98TC00974.
027X-7407/98/98TC-00974$ I2.00 1 _ . --investigate the complex late Quaternary fault interactions and partitioning of strain within the transition zone from oblique subduction to continental collision. We evaluate in detail the Quaternary structures and morphology of the offshore southern Hikurangi margin ( Figure 1 ) using EM12Dual multibeam bathymetry and sonar backscatter data, acquired in 1993 and described briefly by Collot et al. [ 1995a, 19961, together with new MRI side-scan sonar images, a variety of new and archived seismic reflection profiles, sediment cores, and rock dredge samples. We investigate the partitioning of strain across the plate boundary by synthesizing our results from the offshore region with published seismological data and fault slip rates determined on land.
A subsidiary objective in the northeastern (Wairarapa) part of the study area (Figure l) , where oblique subduction occurs and where deformation is distributed across the upper plate, is to determine the style of active faulting beneath the upper margin and to establish the relationship of these faults with the lower margin accretionary wedge. In the southwestern part of the region, approaching the onset of continental collision, a second subsidiary objective is to evaluate the relationships between structures beneath the Marlborough margin and ( I ) the Wairarapa margin to the northeast, (2) the strike-slip Marlborough Fault System onshore to the west, and (3) active contractional and extensional fault systems that deform the continental part of the Pacific Plate south of the trench.
Regional Tectonic Setting

The Hikurangi Margin
The Hikurangi margin of North Island has been an active plate boundary for 25 Myr and now is composed of a broad zone of active deformation in excess of 200 km wide [Walcott, 1978; Lewis and Pettinga, 19931 . On land a system of active strike-slip faults occurs at the back of the subduction margin (Figure l), uplifting and exposing Mesozoic basement rocks in the central ranges of southern North Island [Berrytnan and Beanland, 19881 . The late Quaternary cumulative dextral slip rate within this zone increases toward the south from about 8 m d y r near40'30'S to about 21 mm/ yr at the southern end of North Island Van Dissen and Berryman, 19961. To the east lies a forearc (Wairarapa) basin composed of reverse and strike-slip faulted Neogene manne and late Quaternary terrestrial sediments overlying Mesozoic basement or Upper Cretaceous-Paleogene rocks [Cape et al., 1990; Ballance, 1993; Laniarche et al., 19951 . This basin is flanked to the east by coastal ranges exposing basement rocks and complexly deformed sequences of Cretaceous and Paleogene age that were originally deposited on the presubduction passive continental margin, together with Neogene flysch basins [Chanier and Ferriere, 1991; Chanier et al., 1992; Lewis and Pettinga, 1993; Delteil et al., 19961 . During the Holocene the southeastern coastal ranges have been folded and uplifted at average rates typically of 1-3 m d y r [Gliani, 1978; Berryman et al., 1989 , Dunkin, 1995 K. Berryman, personal communication, February 19971 [Lewis, 1973; Lewis and Pcftinga. 1993; Uritski, 19941 . The latter serve as a deformable backstop to an accretionary wedge of mainly late Pliocene-Recent age developing beneath the lower continental slope [Lewis and Petfinga. 1993; Collot et al.. 1996; Barnes and Mercier de Lépinajl, 19971 . Neogene plate reconstructions indicate that the transition from the Hikurangi margin to the continental Alpine Fault has been located in the study region throughout the last 20 Myr, but the shape of the plate boundary has changed significantly through time [Walcort, 1984al . The Chatham Rise on the Pacific Plate has not swept down a subduction margin of constant orientation. Instead, the Hikurangi forearc has rotated clockwise from a WNW trend in the early Miocene to its present NE azimuth. This rotation has resulted from the long-term pinning of the southern end ofthe subduction zone at the northern margin ofthe continental Chatham Rise [Little atidRoberts, 19971, together with back arc extension in the northem part of the North Island, and eastward movement of the forearc over the subducting Pacific Plate.
Marlborough Fault System and Southeastern Cook Strait
A zone of active dextral strike-slip faults, commonly referred to as the Marlborough Fault System, accommodates > 80% of the NUVEL-IA predicted (38 mm/yr) plate motion [DeMets et al., 19941 [e.g., Bibby, 1981; Walcott, 1984b; Lamb, 1988; f i n Diisen and Yeats, 199 1 ; Pettinga arid Wise, 1994; Holt and Haines, 19951. A small component of marginal-orthogonal contraction resulting from the obliquity of convergence is partitioned into zones of mainly thrust faulting and folding both to the northwest [e.g., Beriyman, 1980; Anderson et al., 1993; Pettinga and R e , 1994; Holt and Haines, 19951 and southeast [Nicol, 1991; Nicol et al., 1995; Barnes, 19961 (Figure 1 ). The location of strike-slip faulting has migrated southward with time [e.g., Campbell, 19911. During the late Quaternary the most active strike-slip fault has been the Hope Fault, with a slip rate typically of 20-25 m d y r [ f i n Dissen and Yeats. 1991; Knuepfer: 1992; Cowan et al., 19961 . It is largely the Hope Fault that accommodates the movement of continental rocks of the Pacific Plate into the Southem Alps collision zone.
Near the northeastern Marlborough coast a significant component (65-90%) of fault slip is transferred from the Hope Fault to the Kekerengu Fault via the Jordan Thrust and a complex strikeslip splay [Van Dissen and Eats, 19911 . Uplift rates of up to 10 m d y r occur in the Seaward KaikouraRange [ Wellman, 1979; Lamb and Bibby, 19891 Lewis and Bennett, 1985; Urilski, 1992; Collot et al., 1995a, 19961 . However, the continuity and connection of the faults across Cook Strait remain unclear, with the possible exception of the Wairau Fault (Figure 1) [Carter et al., 19891 . Cook Strait has been interpreted as a disrupted, clockwise-rotated fault zone that once linked the Alpine and Wairau faults with the Hikurangi margin in Miocene and early Pliocene times [Wahrt, 1978; Lewis et al., 1994; Little arid Roberts, 19971. [Reyners, 1983; Anderson and Webb, 1994; Ansell and Bannister: 19961. South of the trough the westem end of the submerged Chatham Rise at about 43"30'S consists of continental crust about 27 km thick [Reyners and Cowan, 1993; Davy and Wood, 1994l .Analysis of three-dimensional crustal velocity structure indicates that the' transition from subducted oceanic crust of the Hikurangi Plateau to subducted continental crust of the Chatham Rise occurs in the southeastem Cook Strait region at about 42"s ( Figure 1 ) [Reyneri and Cowan, 1993; Eberhart-Phillips and Reyners, 19971 . Farther southwest the southem extent of deep seismic activity associated with continental subduction beneath Marlborough occurs approximately along a SE trending line between Westport and Cheviot [Robinson, 199 I] .
Although there is an active Benioffzone indicative of > 200 km of subduction beneath Marlborough, it is not clear whether interplate thrusting is presently active [Bibby, 1981; Collot et al., 19961 . The Benioff zone is defined only by extensional events with T axes oriented downdip within the subducted slab, and no interplate thrust earthquakes beneath Marlborough have been instrumentally recorded [Robinson, 1986; Reyners and Cowan, 1993; EberhartPhillips and Reyners, 19971 . Furthermore, during the late Quaternary almost all of the relative plate motion predicted by " V E L -I A has been accommodated within the upper plate by distributed right-lateral strike;slip faulting [Arabasz and Robinson, 1976; Bibby, 1981; Lamb, 1988; Campbell, 1991; Pettinga and Wise, 1994; Holt and Haines, 19951 . This raises the possibility that the The southem Hihrangi Trough is characterized by a thick succession of sediment on the subducting plate, increasing southwestward from about 4 km thick (>3.5 s two-way travel time (TWT)) off the central Wairarapa coast [ D a y et al., 1986a, b] to about 7 km thick (5 s TWT) off the northeastem Marlborough coast [Henrys et al., 19951 . This sediment includes voluminous turbidite sand and mud of Pliocene-Quatemary age, derived largely from the Southem Alps [Lewis, 1980; Davey et al.. 1986a; Lewis and Pettinga, 1993; Lewis, 19941 . The sediment has been transported to the trough via submarine canyons on the eastem South Island margin and along the deep-sea Hihrangi Channel system [Lewis, 19941. 3. Swath Images, Seismic Reflection Profiles, and Samples SIMRAD EM12Dual multibeam bathymetry and sonar backscatter images were acquired during a collaborative France -New Zealand GeodyNZ-Sud cruise of the R N L 'Atalante in 1993 ( Figure  2c ) and were processed onboard and in France by Institut Francais de Recherche pour l'Exploitation de la Mer (IFREMER) [Collot et al.. 1995a, b, 19961 . In some areas of the Wairarapa margin not covered by EM12Dual data, MR1 side-scan sonar and bathymetry data were acquired from the vessel GiQanes in 1994 under contract to National Institute of Water and Atmospheric Research (NIWA) and Seabed Mapping New Zealand, Ltd., and were processed at Hawaii Institute of Geophysics and NIWA.
A variety of air gun seismic reflection data and 3.5-kHzprofiles have been compiled (Figure 2c 
Accretionary Wedge: Lower Wairarapa Margin
The Wairarapa lower continental slope is underlain by a young (mainly Quaternary) accretionary wedge which narrows toward the southwest from at least 80 km wide near the center of the margin at 41"s to about 13 km wide at its southwestem extremity immediately east of Cook Strait Canyon (Figures 1 and 3) . The regional surface slope of < 1 O is gentle, but the wedge is composed of a series of margin-parallel ridges and basins with up to 1 km of bathymetric relief (Figures 2a and 2b) . Ridges are sublinear, extending continuously along strike for up to 120 km and are underlain by thrust faults and associated asymmetric anticlinal folds that generally verge seaward (e.g., Figure 4 , profile A) [Lavis and Bennert, 1985; Davey et al., 1986a, b; Lewis and Pettinga, 1993; Collot et al., 1996; Barnes and Mercier de Lépinay, 19971 These thrust faults sole. onto a basal décollement which dips landward at about 3" and has been traced to a depth of about 14 km beneath the coast [Davey eral., 1986a, b] . Between 175"45'E and 176'30'E the décollement detaches about 70-75% (-3.0-3.5 km) LG . , 
Transpressive Upper Wairarapa Margin
The gently sloping ridge and basin morphology of the accretionary wedge is separated from a steeper (2.5" to 5.0"), upper margin by a discontinuous scarp extending along the middle continental slope typically between 1600 m and 2100 m water depth ( Figures  2a and 2b) . The upper margin narrows south-westward from about 70 km wide near 41"S, where the continental shelf is about 20 km wide, to 24 km wide off Cape Palliser where the continental shelf is < 4 km wide.
Three NE trending faults', here named the Palliser-Kaiwhata Fault, the Opouawe-Uruti Fault, and the Pahaua Fault, dominate the structure of the upper margin between Cook Strait Canyon and 176'45'E ( Figure 3 ). The Palliser-Kaiwhata Fault underlies the outer continental shelf and the upper continental slope and, is interpreted to be a major strike-slip fault. The Opouawe-Uruti and Pahaua faults underlie the upper and middle continental slope, and both are interpreted to be thrust faults with possible oblique-slip displacement.
Strike-Slip Palliser-Kaiwhata Fault
The strike-slip Palliser-Kaiwhata Fault extends for at least 160 km from near Cape Palliser to the northeastern end of Uruti Ridge (Figures 3 and 7) . South of Cape Palliser the fault projects down the axis of Palliser Canyon, which is an anomalously linear tributary of Cook Strait Canyon and may be structurally controlled. The discontinuous section of the fault between Cape Palliser (175"15'E) and Adams Bank (176'05'E) lies 3-10 km from the coast and extends along the outer continental shelf (e.g., Figure 5 , profile D) with an average strike of 063". AtAdams Bank the fault diverges from the shelf, changes strike to an average of OSO", and crosses obliquely the southern end of the large (20 x 40 km) flatfloored Uruti Basin and the uplifted hanging wall block of the Opouawe-Uruti Fault (Figures 3 and 7) . Farther northeast the fault projects into the southern end of a zone of complex structural morphology on the upper continental slope behind the accretionary wedge (Figure 4 , profiles A and B), which has been attributed to distributed strike-slip faulting [Collot et al., 19961. Strike-slip displacement on the Palliser-Kaiwhata Fault is indicated by the combination of (1) the significant variation in vertical displacement of the continental shelf along the strike of the fault ( Figure 8) ; (2) variation in the sense of throw (which side of the fault is down thrown) along strike (Figures 3 and 7) , indicating that the fault is subvertical (see also Figure 5 , profile C) and that the surface of both the northwestern and southeastem blocks has been gently folded; and (3) the occurrence of large-scale pop-up struchires at Kaukau Bank and Kaiwhata Bank (Figure 7) , where shxctural complexity is associated with step over between segments and with changes in strike [e.g., Sjhester, 19881.
Opouawe-Uruti and Pahaua Thrust Faults
I
Both the Opouawe-Uruti and Pahaua thrust faults(see electronic supplement) exhibit a geomorphology that is wellexpressed in the swath bathymetry and side-scan sonar imagery (Figures 2a, 2b, 3 , and 7). From these data, together with our seismic profiles, we interpret both faults to dip to the northwest (e.g., Figures 5 (profile C), and 6 (profile F)). In contrast, S. Henrys (personal communication, December 1996) interprets the southern end of the Pahaua Fault on an unpublished seismic profile between lines G and H (Figures 3, 6 , and lo), as a'southeast dipping back thrust. The surface traces of the faults are nonlinear, have an average strike of 065", lie about 4-14 km apart, and can be mapped for about 200 km and 180 km, respectively. There is no conclusive (unambiguous) evidence for significant (>300400 m) dextral displacement of several submarine canyons that cross the faults. Because of the morphology and inferred age of the canyons and the resolution of the swath data, however, the data do not negate the possibility of postglacial dextral displacement and/or oblique slip thrusting occurring on these faults at a potential rate of at least several millimeters per year.
The Pahaua Fault separates the rapidly developing Quaternary accretionary wedge (shaded on Figures 1 and 3 ) from the upper margin [Collot et al.. 1996; Barnes and Mercier de Lépinay, 19971 and thus represents the "active buttress" of von Hicene and Scholl [1991] . That is, it is the dynamic position within the imbricated wedge, seaward of the basement (core) backstop and landward of which there is a decrease in active shortening of frontally accreted trench-fill sediment. The present data do not constrain the lithostratigraphy of the faulted unit between the Opouawe-Uruti and Pahaua faults. This unit may be composed of deformed slope sediments and/or trench-fill turbidites accreted to the margin during the late Miocene and Pliocene [Lewis, 1985; Chanier et al., 1992; Lewis and Pettinga, 19931. .
Transpressive Upper Marlborough Margin
The southern end of the Hikurangi margin near Kaikoura is dissected by numerous submarine canyons, including Kaikoura Canyon and the Kowhai Seavalleys (Figures 2a and 2b) [e.g., Carter et al., 1982; Lewis, 19941 . Between the Kowhai Seavalleys and Cook Strait Canyon the slope is divided by a major reverse fault, here referred tqas the Kekerengu Bank Fault, into a transpressively deformed upper margin and a weakly contractional lower margin (Figures 1, 3, 9 , IO, and 11) [Lewis, 1980; Lewis and Peftinga, 1993; Collot et al., 1995b, 19961 . Two other major fault zones, here referred to as the Upper Slope Fault Zone and the Outer Shelf Fault Zone, dominate the structure of the upper margin. The latter includes strike-slip and oblique-slip structures associated with the offshore extension of the Hope Fault.
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Kekerengh Bank Thrust Fault
The Kekerengu Bank Fault (see electronic supplement) underlies a steep seaward facing scarp, which has > 1 km of bathymetric relief and dominates the central Marlborough slope (Figures 2 and   9 ). The fault strikes 045" and extends for at least 70 km from [Lewis and Bennett, 1985; Collot et al., 19961 , but the fault tip is blind along some of its length. Southwest of 174'07'E the fault steps over into two seaward vergent structures of similar trend, each about 19 km in length, which deform the slope beneath the Kowhai Seavalleys (Figure 3) [Lewis andpettinga, 1993;Barnes.
1994al. Considering the morphology of several submarine canyons that cross the Kekerengu Bank Fault (see electronic supplement), there is no strong evidence for significant late Quaternary strikeslip motion on the fault. With the present data, however, we cannot resolve any potential dextral offset of < 300 m that could result from oblique-slip displacement. . .
I
' from the synclinal basin, but they are buried by late Quaternary ' slope sediments and have no trace expressed at the seabed.
Strike-Slip Outer Shelf Fault Zone
The Outer Shelf Fault Zone is composed of a 1 10-km-long discontinuous structural high incorporating steeply dipping strikeslip faults, oblique-slip reverse faults, and numerous folds. The zone crosses the southwestern end of the Marlborough shelf, extends along the outer shelf between 174'05'E and about 174"30'E, and crosses the upper continental slope between 174'30'E and 175"E (Figure 3) . The two major southwestern structural segments are parallel, Gending 070°, and incorporate the immediate offshore section of the strike-slip Hope Fault (Figure 3 ). In detail, these two offshore structures exhibit repeated geometric changes along their strike, both in the facing direction of the fault plane and also in the sense of motion from local areas of extension to local areas of contraction ( Figure 3 ). These observations are consistent with the structural styles documented on other steeply dipping strike-slip faults [e.g., Sylvester, 19881. At about 174"IO'E these two strike-slip faults project directly along strike into a structural high that extends up the outer continental shelf. The 050°-trending, southern 30 km of this high is characterized by complex folding of late Miocene to early Pleistocene strata (e.g., Figures 3 and 1 I (profile L) ). Farther northeast between 174" 17'E and 174'30'E the high is controlled by a 22 kmlong northwest dipping reverse fault, whose 50-to 70-m-high seabed scarp (e.g., Figure IO , profile K) trends 055" (Figure 3 ). At its northern end this structure changes to a more easterly (085") trend, crossing the upper continental slope as a steeply dippi.ng fault that flowers upward into two, major splays within the core of a symmetrical anticline (Figure 1 O, 
The Weakly Contractional Lower Marlborough Slope
The lower Marlborough slope domain, between the Kekerengu Bank Fault and the southem Hikurangi Channel, is composed of a gently sloping (1 O f 0.5") terrace lying at a water depth ranging from about 1600 m to 2200-2500 m (Figures 2b and 9) . The terrace narrows toward the southwest from about 28 km wide at 174"50'E to zero at 174"E. On the southeastem edge of the terrace, prominent slump scarps flank the Hikurangi Channel (Figures 2,3 ,9, and I l (profile L)).
Despite thick (> 4 km) trench-fill sediment on the Pacific Plate southeast of the Pahaua and Kekerengu Bank faults, an accretionary wedge typical of the Wairarapa margin is not well developed in this region (Figure 3 ) [Lewis andPettinga, 1993; Collot et al.. 19961 . Beneath the mouth of Cook Strait Canyon (between 175"E and 175'13'E) the southem end of the Pahaua Fault represents the deformation front ( Figure 6 , profile G). However, southwest of about 175"E, gentle uplift and folding attest to minor contraction of the lower Marlborough margin southeast of the eekerengu Bank Fault. The anticlinal folds beneath the lower margin are asymmetric with steepèr southeastem limbs and are interpreted to be fault propagation folds developing over blind thrust faults (e.g., Figures 3, IO (profile J) and 11 (profile L)). The most prominent of these thrusts is about 60 km long and underlies two discrete anticlines with variable orientations. In contrast to the accretionary wedge to the northeast, one of these folds at 174'30'E trends OXO", almost orthogonal to the regional structure, and imparts a subtle eastwest trending fabric to the lower margin morphology (Figures 2b  and 3 (Figure 1 ). The remaining 15 Z ! Z 3 mm/ yr of margin-orthogonal shortening could be distributed between additional slip on the subduction thrust and associated upper plate thrusts and reverse faults that ramp off the décollement and contractional faulting occurring entirely within the upper plate.
That the upper plate is shortening behind the accretionary wedge is evidenced by late Quaternary reverse faulting, folding, and associated uplift within the forearc basin onshore close to this transect [e.g., Melhuish, 1990; Lamarche et al., 19951 and also beneath the continental shelf and upper margin offshore [Davey et al., 1986a, b; Lewis andPettinga, 19931 . Furthermore, geodetic triangulation data for a 50-year period indicate an axis o f maximum horizontal shortening oriented at 110" [Reilly, 19901 , which is 27" clockwise of the MJVEL-I A azimuth.As the Benioff zone deepens inland across transect x, there will be a location where the upper plate faults are no longer in contact with the subduction zone, and shortening on such faults will therefore no longer reflect shortening across the interplate thrust (but they would still accommodate a component of the plate motion vector within the plate boundary zone). Melhuish [ 19901 determined a late Quaternary (0.5-0.1 Ma) rate of shortening of'the Dannevirke (forearc) basin (Figure 1 ) of the order of 3 "/yr.
Because this basin lies 30-40 km above the Benioff zone [Ansell and Bannister, 19961 , slip on these coniractional faults within the basin and on any other ieverse faults farther to the northwest, may not reflect slip on the interplate thrust. We infer that 12-24 m d y r of margin-orthogonal shortening occurs on the subduction thrust, 12 f 3 m d y r of which is expressed in the accretionary wedge close to the deformation front.
Whereas most histodcal earthquakes beneath the east coast occur within the subducting Pacific Plate [e.g., Reyners, 1983; Andeisotz and Webb, 19941 , thrust earthquakes at the plate interface confirm that the subduction thrust is slipping in this region [Bannister, 1988; Ansell and Bannister, 19961. Webb and Anderson [1998] . modeled earthquake source parameters and slip vectors, identifying six events of magnitude M>5 from the 14-to 25 km-deep section of the plate interface beneath the Hikurangi margin. The average slip vector is rotated clockwise from the NUVEL-IA azimuth to 1 1 So, close to parallelism with the geodetic axis of maximum horizontal shortening, and 12" anticlockwise from trench normal. This is consistent with subduction thrust earthquakes at other obliquely convergent margins, which typically have slip vectors in the range of Oo-40" from trench normal [McCafrey, 1992; Ri et al., 1993; McCafiey and Goldfinger, 19951 [Collot et al., 19961 and (2) by oblique slip on thrust faults within the upper margin and perhaps also within the frontal accretionary wedge [Barnes and Mercier de Lépinay, 19971 . Such transpressive deformation has been observed at several other obliquely convergent plate boundaries [Ryan and Coleman, 19921 , modeled in laboratory sandbox experiments of oblique convergence [Pinet and Cobbold, 1992; Lallemand et al., 19951, and predicted by numerical models [Braun and Beaumont, 19951. 8.1.2. Southern Wairarapa transecty. Across transect y at the southern end ofNorth Island (Figures 1 and 12 (Figure 1) at depths of about 25 km and 14 km, respectively, indicate that the subduction thrust across transect y is active [Ltro, 1992; Darby and Beanland, 1992; Eberhart-Phillips arid Reyners, 19971 . Late Quaternary crustal shortening of the upper plate is indicated by thrust faulting, folding, and uplift both onshore [Ghani, 1978; Berryman et al., 1989; Cape et al., 1990; Clianier et al., 1992; Darby and Beanland, 1992; Grapes and Wellmati, 1993; Dunkin, 19951 and offshore (e.g., Opouawe-Uruti and Pahaua fault, Figure 3 , and cross section CSI in Figure 12 ). Considering the shallow depth of the Benioffzone beneath southern North Island, we assume that all of the upper plate contraction east ofWellington (Figure 1 ) results from the long term (Quaternary) geological slip on the subduction thrust and the coupling between the two plates. The total rate of horizontal shortening of the upper plate across southern North Island, determined from fault and fold growth rates, is ofthe order of 6-10 "/y (K. Berryman, personal communication, February 1997) , which is consistent with preliminary Global Positioning System surveying data that suggests that one third to one half of the predicted plate motion is presently béing accommodated onshore [Darby et al., + 6) m d y r ) not accounted for by oblique slip on the seismogenic part of the subduction thrust nor by strike-slip faulting within the North Island Dextral Fault Belt. In contrast, some or all of the margin-parallel slip Ón the interplate thrust may also contribute to the upper plate strike-slip fault rates if those faults rupture together with part of the interplate thrust, as has been suggested for the M>8 Wairarapa earthquake of 1855, which ruptured the Wairarapa Fault (Figures 3 and 12) [DarbyandBeanland, 19921. In this case the deficit Õf margin-parallel motion could be as high as 14 m d y r (i.e., 31-17 mm/yr). Thus we conclude that there is a range of possible deficit in margin-parallel motion of 0-14 m d y r in rightlateral motion that may occur on faults east of the Wairarapa Fault (Figures 1 and 3) . The Aorangi Range has been interpreted as a large pop-up structure, uplifting at about 2 mñdyr on active reverse faults ( Figure  3 , and cross section CSI in Figure 12 ), but no evidence has been documented for dextral motion on these faults [Dunkin, 19951. We infer that some of the deficit in margin-parallel motion is accommodated offshore by active strike-slip displacement on the PalliserKaiwhata Fault (cross section CSl in Figure 12 ). Furthermore, we acknowledge the possibility that oblique slip could have occurred 
BARNES ET AL.: STRAIN PARTITIONING, CENTRAL NEW ZEALAND
on the reverse Opouawe-Uruti and Pahaua faults during the late Quaternary (see electronic supplement), as well as on the frontal thrusts within the southern part of the accretionary wedge [Collot et al., 1996; Barnes and Mercier de Lépitiay, 19971 . Oblique-slip reverse faulting (of, say, a few millimeters per year) and associated folding would be difficult to recognize in our offshore data if complex vertical slip partitioning occurred on these faults, with the deeper crustal levels being dominated by dextral motion and the shallow structural levels being dominated by reverse faulting and folding (see cross section CSI in Figure 12 ) [e.g., Cowan, 1992; Cowan et al., 19961. 8.1.3. Synthesis: Strain partitioning within the oblique subduction Hikurangi margin. Late Quatemary geological strain within the southern (Wairarapa) part of the oblique subduction Hikurangi margin is partitioned both vertically and horizontally between the plates and within the upper plate [ Walcott, 1984b; Cashnian et al., 1992; Urnski, 1994; Collot et al., 1996; Webb arid Anderson, 19981 . Within the upper plate the components of orthogonal contraction and margin-parallel motion are partitioned into zones of folding and thrusting and more than one zone of strike-slip faulting, but the partitioning is not complete, and we suspect that oblique-slip reverse faulting may be an important mechanism in accommodating the plate motion (Figure 12 ). Note that the above estimates of fault slip represent an average for the late Quatemary and therefore smooth out the short-term fluctuations in the strain field that are associated with the seismic cycle of the subduction thrust [Walcott, 1978 .
The structural geometry depicted in cross section CS1 ( Figure  12 ) has similarities to the structure of the central part of obliquely convergent Aleutian margin in the westem part of the Andreanof Block [see Ryan and Scholl, 1989, Figure 91 . Across the central Hikurangi margin (transectx), at least one third and possibly more than one half of the total plate motion is expressed in the upper plate offshore. This component diminishes southwestward along the margin. The high proportion of the total plate motion distributed across the upper plate results from strong coupling between the Pacific andAustralian plates [Smith et al., 1989; Daq 19921 . This reflects the subduction of anomalously thick (10-1 5 km), buoyant oceanic c r k t of the Hikurangi Plateau, which is also expressed in the shallowness of the trench (3000 m) and the low-angle dip of the subducted slab beneath the Hikurangi margin [Davey et al., 1986a, b; Ansell and Bannister, 19961. 1984b; Pettinga and Wise, 1994; Holt arid Haines, 1995; Collot et al., 19961 . Whereas the subducted slab north of about 42"s makes up the oceanic Hikurangi Plateau (Figures 1 and 3) , the slab beneath Marlborough is composed of an upper section of Mesozoic Torlesse terrane greywacke rocks of the Chatham Rise and a lower section of oceanic crust onto which theTorlesse rocks were accreted at the edge of Gondwanaland (cross section CS2 in Figure 12 ) [Reyners and Cowan, 1993; Eberhart-Phillips andReyners. 19971 .
The deformation velocity field in northern South Island, computed from geodetic shear strains derived from 100 years of triangulation data [Bibby, 1981; Falcott, 1984b; Bibby etal.. 19861 , agrees closely with the plate motion model for the last 3 million years [DeMets et al., 19941 . This has been interpreted to indicate that the subduction thrust is presently locked and that all of the strain is occurring in the upper plate [Bibby, 1981; Walcott, 1984bI . Earthquakes defining the Benioff zone (Figures 1 and 12 ) occur within the lower part (oceanic crust) of the subducted plate and are extensional, with NW-SE oriented 7 ' axes indicative of downdip tension resulting from the weight of the slab [Robinson, 1986, 199 1; Eberhart-Phillips and Reyners, 19971 . Despite > 200 km of subduction in the past there is an absence of instrumentallyrecorded thrust earthquakes on the continental-continental plate interface (cross section CS2 in Figure 12) , and there is no seismological evidence for reestablishment of a new detachment surface at a different level [Eberhart-Phillips and Reyners,'1997] .
In addition to the short-term geodetic shear strains and the absence of historical thqust earthquakes on the plate interface the geological shear strains derived from inversion of faults slip rates and rock uplift over a period of [103] [104] Figure I ) are discussed in the text. Vectors of motion of the Pacific Plate relative to the Australian Plate, reduced to components (in millimeters) of margin-orthogonal shortening and margin-parallel motion, are from DeMets et al. [1994] ; PB is the average orientation of the plate boundary; PDF is the orientation of the principal deformation front at the toe of the accretionary wedge. Numbers within the accretionary wedge represent estimates of horizontal shortening (in kilometers) within the frontal part of the wedge southeast of the dashed line up the center of the wedge (the deformation front about 1 Myr ago), whereas numbers in brackets at the deformation front are late Quaternary rates of orthogonal shortening [from Barnes and Mericer de Lépinay,1997] . Bold solid arrows are speculative average slip directions on the major faults in different structural domains. Solid arrows in the northeast offshore are with respect to the Pacific Plate fixed; Dashed arrows mainly onshore in the southwest are with respect to the Australian Plate fixed. Selected contours of the depth of the Benioff zone beneath North and South islands are data from Ansell and Bannister [ I9961 and Eberharf-Phillips and Reyners [1997] (Figures 3 and 12) [Collot et al., 19961. Instead There is, however, some contraction being accommodated on the reverse Kekerengu Bank and Pahaua faults, which represent the principal deformation front on the eastern Marlborough margin, and also on thrust faults south of the Kekerengu Bank Fault ( Figure  3) . Whether or not the Quaternary growth of these faults results from active interplate slip depends on whether or not they flatten at depth onto the intracontinental subduction décollement (cross section CS2 in Figure 12 ). If the subduction thrust is no longer active, then these reverse faults together with the upper margin strike-slip faults might penetrate through the now inactive subduction interface into the subducted crustal rocks of the northwestern Chatham Rise and need not flatten onto the former detachment (cross section CS2 in Figure 12 ).
8.2.2.
Onset of continental collision. Offshore, surface deformation of Pacific Plate continental crust occurs south of about 42"30'S, where the thrust faults on the southernmost Marlborough margin interact with two other fault systems over the southem end of thestructural trench (Figure 1 ). This complex structural junction coincides with a cluster of recorded earthquakes less than 15 km deep [ Anderson and Webb, 1994; Cowan et al., 19961 and approximately with the southem extent of deep seismic activity within the Benioff zone (dashed line between Westport and Cheviot, in Figure 1 ). It also coincides approximately with the NW-SE trending Kaikoura Canyon (Figures 1 and 3) , which may be structurally controlled.
Deformation of the continental Pacific Plate in this region takes two forms, each with a different kinematic implication: (1) extension * of the northwestern Chatham Rise margin by normal faulting within the North Mernoo Fault Zone (NMFZ) (Figures 1 and 3) [ Lewis et al., 1986; Barnes, 1994al and (2) shortening of the north Canterbury coastal margin by thrust faulting and folding [Nicol, 199 1; Barnes, 19961 . The NMFZ is a large (100 x 300 km) region of east-west trending, mainly southward dipping, basement-involved normal faults (Figures 1 and 3) . The east-west geometry of the zone partly reflects a strong degree of structural inheritance from two previous phases of extension of the crust [Barnes, 1994bl. Recent activity as far west as 174'50'E is evidenced by subsurface displacement of late Quatemary stratigraphic units, by widespread seabed fault scarps, and by sparse earthquakes throughout the region. The bathymetry of the slope (Figure 2b) , however, reflects nothing of the deformation but instead relates to Quaternary processes of sedimentation and current erosion [Barnes, 1994~1.
Barnes [ 1994al showed that the extensional strain in the NMFZ is small (< 3% over 1 O0 km since the mid-Pliocene) and considered that the faulting could be a response to continental flexure of the Chatham Rise crust into the southern end of the subduction zone [Lewis et al., 19861 . The fact that a small amount of extension has continued throughout the Plio-Pleistocene, while transpressive deformation in northeastern Marlborough was evolving, indicates that the NMFZ plays a negligible role in the collision process and in the transfer of plate motion from the Hikurangi margin to the Alpine Fault system (Figure 1) . Only in the northwestern comer of the NMFZ at 42"45'S and 174"E, where two late Quatemary thrust faults of the lower Marlborough margin domain occur in an area that was previously extending in the late Pliocene-early Pleistocene ( Figure 3) [Barnes, 1994a1 , is there clear evidence for a recent reversal from extensional to contractional tectonics. This overprinting coincides with the southward migration of the major strikeslip faults in the Marlborough Fault System [e.g., Campbell, 1991; Cowan, 1992; Cowan et al., 19961. Whereas the initial onset of oblique continental collision occurs in northeastern Marlborough contemporaneously with flexure and extension of the northwestern Chatham Rise, it is in the north Canterbury region, west of the NMFZ and south of the Hope Fault (Figure 1) . where the onset of deformation of Pacific Plate crust entering the alpine collision zone occurs [e.g., Nicol, 1991; Reyners and Cowan, 1993; Barnes, 1996; Cowan et al.. 19961. Transpressive structures of the Porters Pass -Amberley Fault Zone are prominent in the eastern foothills of the Southern Alps (Figure l) , whereas NE-SW trending, mainly NW verging folds and thrust faults dominate beneath the coastal ranges and offshore continental shelf. It has been proposed (1) that the crust is delaminating, with the upper crustal deformation decoupled from the lower crust entering the collision zone [ Wellman, 1979; Nicol, 199 1; Cowan, 1992; Reyners and Cowan, 1993; Pettinga und Wise, 19941, and (2) that NW-SE shortening in north Canterbury at a rate of about 6 m d y r accounts for a significant component of the plate boundary-perpendicular shortening predicted from reduction of the plate motion vector [Nicol, 19911. Thus the upper part of the Pacific Plate in the north Canterbury coastal region is shortening in response to strain partitioning across the obliquely convergent northern South Island, whereas the northwestern Chatham Rise, still lying outside of the collision zone, is extending, possibly because of continental flexure, at the southern end of the now inactive or very strongly coupled subduction zone.
Synthesis
1. In the northeastem South Island and southeastern North Island region of New Zealand the late Quatemary deformation styles of various domains indicate a complex partitioning of strain within the transitton zone from oblique subduction to oblique continental collision.
2. On the oblique-subduction southeastem Wairarapa offshore margin the southwestward narrowing, rapidly developing, frontal accretionary wedge of mainly Quaternary age lies in thrust contact with a steeper, dissected, actively deforming upper margin that is dominated by three major late Quatemary faults. The most landward of these is the Palliser-Kaiwhata Fault, which lies close to the eastern exposure of Mesozoic basement rocks at the southeastem corner of North Island, and is interpreted to be a major dextral strike-slip fault responsible for high rates of coastal uplift. The Pahaua thrust fault represents the active buttress within the back of the accretionary wedge and together with the Opouawe-Uruti thrust fault deforms upper slope sequences and possibly older accreted rocks behind the actively developing wedge.
3. Compilation of late Quaternary geological strain in a transect across the central Hikurangi margin, combined with seismological data of Webb and Anderson [ 19981, suggests that the subduction thrust accounts for not more than 20% of the margin-parallel motion predicted from the NUVEL-IA plate motion vector. At least one third and possibly more than one half of the total plate motion is expressed in the upper plate offshore. This could include marginparallel motion on strike-slip and oblique-slip reverse faults, potentially of 0-14 m d y r offthe southeast comer ofNorth Island and up to a maximum of 14.5-15.5 mm/yr beneath the central part of the margin between 40" and 41"s. The wide distribution of upper plate deformation reflects strong coupling between the subducted oceanic Hikurangi Plateau and the overriding plate.
4. 
